Background Some tyrosine kinase receptors (RTKs) play critical roles in gastric cancer progression. Not only trastuzumab, but also several other agents targeting RTKs are being investigated for gastric cancer therapy. However, the simultaneous expression of multiple RTKs, which may interfere with the effectiveness of therapeutic agents, has not been evaluated in a large cohort with gastric adenocarcinoma (GAC). Methods We performed a tissue microarray analysis in 950 patients with GAC who underwent a gastrectomy without preoperative chemotherapy. The protein expressions of HER2, EGFR, MET and FGFR2 were evaluated using immunohistochemistry, and the gene amplifications of HER2, EGFR and MET were examined using dual-color in situ hybridization.
Introduction
Gastric cancer is one of the most common malignant tumors worldwide. Although its incidence is decreasing, gastric cancer is still the second most frequent cause of cancer-related death in Japan [1, 2] . The prognosis of patients with advanced gastric cancer remains poor, and the median survival time of patients with inoperable and/or gastric cancer is \1 year [3, 4] .
Nowadays, the molecular mechanisms underlying tumorigenesis, proliferation, progression and drug resistance in gastric cancer are being elucidated. Several tyrosine kinase receptors (RTKs), such as the human epidermal growth factor receptor 2 (HER2), epidermal growth factor receptor 1 (EGFR), MET and fibroblast growth factor receptor 2 (FGFR2), are overexpressed in gastric cancer, and targeted therapies involving these molecules have been developed. The ToGA (Trastuzumab for Gastric Cancer) trial has shown that trastuzumab improves the survival of patients with HER2 protein-overexpressing and/or HER2 geneamplifying advanced gastric cancer [5] . Although the addition of cetuximab or panitumumab to chemotherapy in non-molecularly selected gastric cancer patients did not improve survival [6, 7] , a phase 2 study has shown a possible improvement in the survival of the patient subset with high EGFR expression who were treated with nimotuzumab, a humanized monoclonal antibody to EGFR [8] . At present, a phase 3 nimotuzumab trial (ENRICH study) in patients with EGFR-overexpressing advanced gastric and gastroesophageal junction cancer is ongoing. Rilotumumab is a humanized monoclonal antibody to hepatocyte growth factor that inhibits signaling through the MET receptor. A phase 2 study of rilotumumab in advanced gastric cancer patients showed that treatment with rilotumumab in combination with chemotherapy improved the survival of the patient subset with high MET protein-expressing tumors [9] . A following phase 3 rilotumumab trial (RILOMET-1) in patients with advanced MET-positive gastric or gastroesophageal junction adenocarcinoma is ongoing [10] . Some new agents inhibiting FGFR2 signaling have been developed for solid tumors, including gastric cancer [11] . Several reports have examined the relation between clinical factors, pathological features, and prognosis and the protein overexpression or gene amplification of these RTKs. However, the expression and gene amplification profiles of these promising RTKs for gastric cancer treatment have not been simultaneously evaluated in a large cohort.
In the present study, we evaluated the expressions of HER2, EGFR, MET and FGFR2 proteins and the gene amplification of HER2, EGFR and MET in a large number of gastric cancers using tissue microarrays (TMAs), including expression ratios and distributions of all four RTKs with analyses in association with clinical outcomes were examined.
Materials and methods

Patients and data collection
There were 1,001 consecutive patients with gastric adenocarcinoma (GAC) who underwent surgery at the National Cancer Center Hospital East between January 2003 and July 2007. A total of 950 patients with GAC with no systemic chemotherapy before surgery were enrolled in this study (Fig. 1) . The medical records were reviewed to obtain the clinical parameters of the patients, including age, sex, stage, recurrence and survival outcomes. A pathological report and hematoxylin and eosin (H&E)-stained slides were reviewed for the tumor parameters, including tumor localization, histopathology, depth of tumor invasion and capillary invasion status, such as lymphatic and venous invasion and lymph node metastasis. The staging was conducted according to the Japanese classification of gastric carcinoma, third English edition [12] . The study protocol was approved by the institutional review board at the National Cancer Center.
Tissue microarray construction
Representative tumor areas were selected and marked on H&E-stained slides for the construction of the tissue microarrays. A couple of 2.0-mm-diameter tumor cores were obtained from the same tissue block in each case using a manual tissue arrayer (Azumaya Ika Kikai, Tokyo, Japan). These cores were assembled in a tissue microarray format. Each tissue array block contained 48 cores, including two positioning cores of liver tissue.
Immunohistochemical staining
The primary antibodies used for immunohistochemistry (IHC) were the Ventana PATHWAY anti-HER2/neu (4B5) rabbit monoclonal antibody (Ventana, Tucson, AZ), CONFIRM anti-EGFR (3C6) mouse monoclonal antibody (Ventana), CONFIRM anti-Total c-MET (SP44) rabbit monoclonal antibody (Ventana) and rabbit polyclonal anti-FGFR2 antibody (C-17, SC-122, Santa Cruz Biotechnology, CA). Formalin-fixed, paraffin-embedded array blocks were cut into 4-lm serial sections. HER2, EGFR and MET IHC were stained using a fully automated Ventana Benchmark ULTRA automated slide processing system (Ventana) according to the manufacturer's instructions.
For FGFR2 staining, the sections were deparaffinized in xylene, dehydrated with graded ethanol and then immersed in methanol with 0.3 % hydrogen peroxidase for 20 min to block endogenous peroxidase. After being washed in tap water, the sections were placed in a 10 mmol/l citrate buffer solution. For antigen retrieval, the sections were heated at 125°C for 30 s followed by 90°C for 10 s in a pressure cooker (Pascal Pressurized Heating Chamber) and then cooled for 30 min at room temperature. After being washed three times with PBS, the sections were immersed in 2 % normal swine serum in PBS to block nonspecific binding for 30 min at room temperature. Individual slides were then incubated overnight at 4°C with anti-FGFR2 antibody. After being washed at least five times with PBS, the slides were incubated with a peroxidase-labeled polymer conjugated to goat anti-rabbit immunoglobulin (Dako EnVision? System-HRP labelled polymer anti-rabbit, code K4002; Dako) for 30 min at room temperature. After extensive washing with PBS, the color reaction was developed in 2 % 3,3 0 -diaminobenzidine in 50 mmol/l Tris-buffer (pH7.6) containing 0.3 % hydrogen peroxide for 3 min. The sections were then counterstained with Meyer's hematoxylin. All the stained sections were dehydrated and mounted.
Dual-color in situ hybridization
The gene amplification of HER2, EGFR and MET was detected using the double-color ISH (DISH) technique using the Ventana Benchmark ULTRA automated slide processing system according to the manufacturer's instructions. HER2 DISH was performed using a fully automated INFORM HER2 Dual ISH DNA Probe Cocktail assay (Ventana). EGFR DNA, MET DNA and chromosome 7 were detected using the INFORM EGFR DNA Probe (Ventana), INFORM MET DNA Probe (Ventana) and INFORM CHROMOSOME 7 Probe (Ventana), respectively. To detect the HER2, EGFR and MET DNA probes, the ultraView SISH DNP kit (Ventana) was used. After the SISH signals had been developed, the RED ultraView ISH DIG detection kit (Ventana) was used to detect the chromosome 17 or 7 probes.
Evaluation
The staining intensity was graded on a scale of 0-3 (0, no staining; 1, faint staining; 2, weak or moderate staining; 3, strong staining). Evaluation and scoring of the HER2, EGFR and MET IHC expressions were performed according to Hofmann's criteria [13] . This scoring system has been validated for use in gastric cancer: 0 = staining or membrane reactivity in \10 % of cancer cells; 1? = membrane reactivity with an intensity score of 1 in[10 % of cancer cells or cancer cells with reactivity only in a part of their cell membrane; 2? = complete or basolateral membrane with an intensity score of 2 in [10 % of cancer cells; 3? = complete or basolateral membrane with an intensity score of 3 in [10 % of cancer cells. For FGFR2, we examined the nuclear and cytoplasmic staining patterns. We defined the scores for FGFR2 as follows: 0 = staining reactivity in \50 % of cancer cells; 1? = cytoplasm and/or nuclear reactivity with an intensity score of 1 in more than 50 % of the cancer cells; 2? = cytoplasm and/or nuclear reactivity with an intensity score of 2 in more than 50 % of the cancer cells; 3? = cytoplasm and/or nuclear reactivity with an intensity score of 3 in more than 50 % of the cancer cells. Representative images of corresponding IHC staining scores for each RTK are shown in the supplementary Fig. 1 .
We evaluated the gene amplifications of HER2, EGFR and MET by counting at least 20 tumor nuclei within a hot spot using IHC staining. We defined HER2 gene amplification if the HER2/Chr17 ratio was C2.0 or if the HER2 signals formed a cluster. The evaluation of EGFR and MET gene amplification was performed according to the University of Colorado Cancer Center criteria [14] . We identified gene amplification according to the presence of tight EGFR/MET gene clusters and a ratio of EGFR gene to chromosome of C2 or C15 copies of EGFR/MET per cell in C10 % of analyzed cells.
An IHC score of 3? or a score of 2? plus HER2 gene amplification was defined as HER2 positive. In EGFR, MET and FGFR2, we defined an IHC score of 2? and 3? as positive. In multiple RTK-expressing cases, we classified the ''predominant'' RTK according to the following rules: the RTK with the strongest intensity of IHC staining, or the broadest positive area if multiple RTK expressing intensities were equal. We also classified overlapping situations into concurrently co-existing (overexpression of multiple RTKs in the same area) and exclusively existing (overexpression of multiple RTKs in mutually exclusive areas) patterns.
Statistical analysis
The statistical analysis was performed using SPSS 19.0 statistical software (SPSS Inc., Chicago, IL). Comparisons of categorical variables were tested using the chi-square test or Fisher's exact test. Overall survival (OS) was calculated from the date of surgery until death from any cause that was scored as an event. Patients who were alive were Four RTK expressions in gastric cancer 229 censored at the last follow-up date. The survival curves were derived from Kaplan-Meier estimates, and the curves were compared using log-rank tests and the Cox proportional hazard regression model. All the tests were twosided, and P values of \0.05 were considered significant.
Results
Overexpression and gene amplification of four RTKs
The Table 1 shows the intratumoral expression ratio of each RTK in cases with an intensity score 3 staining area. Onethird of the samples with strong staining for HER2 were homogeneously stained; however, the samples with strong staining for EGFR, MET and FGFR2 exhibited highly heterogeneous staining. Table 2 shows the correlation between gene amplification and the intratumoral heterogeneity of areas with strong IHC staining. Patients with gene amplification tended to have strongly staining tumors with a homogeneous staining pattern. In patients with tumors not amplified EGFR or MET gene, the gene status of strongly staining areas with a homogeneous pattern was polysomic.
Correlation between the positivity of each RTK and clinicopathological factors Table 3 shows the clinicopathological data for each RTKpositive case. The patients with HER2-positive tumors were elderly and predominantly male. The HER2-positive GACs were a more differentiated tumor type (papillary and tubular adenocarcinoma) and were more frequently associated with venous invasion and regional lymph node metastasis than the HER2-negative ones. The EGFR-positive GACs were of more poorly differentiated adenocarcinoma solid-type (por1) histopathology and an advanced tumor stage, and were more frequently associated with vascular invasion than the EGFR-negative ones. METpositive GACs were a more differentiated tumor type (tubular adenocarcinoma) and had an earlier tumor stage than the MET-negative ones. The FGFR2-positive GACs were more frequently associated with vascular invasion and had a more advanced tumor stage than the FGFR2-negative ones. Table 4 shows the sites of recurrence and metastasis in patients for each RTK-positive case. HER2-positive tumors were significantly associated with the recurrence of liver and intrathoracic organ metastases (lung, mediastinal lymph node, pleura and lymphangiosis). Patients with FGFR2-positive tumors had a greater chance of peritoneal recurrence and a smaller chance of abdominal lymph node metastasis.
Clinical outcomes according to each RTK
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Only the patients with EGFR score 3? tumors had significantly poorer outcomes than those with EGFR score 0 tumors (hazard ratio, (Fig. 3a) . The images of tumors with all four RTKs are shown in supplementary Fig. 2 .
Of the 215 tumors with positive expressions for two or more RTKs, 100 (46.5 %) exhibited the strong (3?) expression of one RTK and the moderate (2?) expression(s) of the other RTK(s) (strongest intensive pattern). Based on the predominant expression, 43 cases were classified as predominantly HER2-overexpressing, 29 cases were classified as predominantly EGFR-overexpressing, 21 were classified as predominantly METoverexpressing, and 7 were classified as predominantly FGFR2-overexpressing. Among the 115 (53.5 %) tumors with expression patterns of equal intensity, 2 simultaneously exhibited the expressions of three RTKs with a strong intensity (HER2/EGFR/FGFR2 and EGFR/MET/ FGFR2), 33 simultaneously exhibited the expressions of two RTKs with a strong intensity (6 with HER2/EGFR, 19 with HER2/MET, 5 with EGFR/MET, and 1 each with HER2/FGFR2, EGFR/FGFR2, and MET/FGFR2), and 80 simultaneously exhibited the expressions of all the RTKs with a moderate intensity. Based on the predominant expression in the broadest positive area, 20 cases were categorized as predominantly HER2, 19 were categorized as predominantly EGFR, 30 were categorized as predominantly MET, and 46 were categorized as predominantly FGFR2. The distribution of the overexpressions of multiple RTKs with equal intensity patterns was identified as a concurrently co-existing pattern in 76 (66.1 %) cases and an exclusively existing pattern in 39 (33.9 %) cases ( Fig. 4a-d) . Taken together, the positive cases were categorized as HER2-predominant tumors in 96 cases (10.1 %), EGFR-predominant tumors in 132 (13.9 %) (20) 34 (30) 122 (17) 83 (37) 158 (22) 47 (20) 129 (20) 76 (26) T4 123 (15) 11 (10) 82 (11) 52 (23) 110 (15) 24 (10) 78 (12) 56 (19) Regional lymph node metastases 0.001
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On the other hand, five patients had multiple RTKs amplified in their GAC cells (Fig. 4e-h ). In two cases, both the HER2 and EGFR genes were amplified in the same cancer cells (concurrently co-existing pattern). In another three cases, the HER2/EGFR or EGFR/MET genes were amplified in discrete cancer cells obtained from the same core (mutually exclusive pattern).
Discussion
Here, we reported that 63.1 % of resected GACs expressed at least one of four RTKs that are regarded as being potentially druggable targets for the molecular targeting agents in advanced GAC patients. Moreover, 22.7 % of the cases expressed multiple RTKs simultaneously in the same sample. Drescher et al. [15] reported the expression patterns of six RTKs, including EGFR, using IHC in GAC, and only 2 % of the samples in their series did not exhibit RTK expression. (26) 3 (30) 10 (24) 8 (31) 14 (12) 4 (17) 12 (30) 6 (22) a Intrathoracic organs include lung, mediastinal lymph node, pleura and lymphangiosis N number of patients Four RTK expressions in gastric cancer 233
Guo et al. [16] reported that 88 % of gastric cancer tissues showed the upregulation of at least one of four proteins, including MET and FGFR2, while 20 % of them overexpressed all four proteins. Other reports using IHC have shown the coexpression of MET/HER2 in 7.8 % and the coexpression of EGFR/HER2 in 15 % and 7 % of gastric e shows survival curves according to EGFR immunohistochemical score using Kaplan-Meier survival analysis cancers [17] [18] [19] . On the other hand, Lennerz et al. reported that HER2, MET and EGFR amplifications assessed using fluorescence in situ hybridization (FISH) were almost mutually exclusive events in gastroesophageal cancer [20] . Deng et al. [21] also described that FGFR2, HER2, EGFR and MET amplification as assessed using an SNP array were mutually exclusive events. Other reports have shown that FGFR2 amplification was found to be mutually exclusive with HER2 or HER2/MET amplifications [22, 23] . In summary, although multiple proteins of RTKs were overexpressed simultaneously, gene amplification or a gain in the gene copy number of an RTK was an exclusive event.
Our high-volume study showed the parallel occurrence of these phenomena. Previous reports also have shown that only a portion of protein expression cases exhibit gene amplification [24] [25] [26] , so gastric cancers with RTK protein overexpression might be derived not only from RTK gene amplification, but also via other mechanisms. Regarding treatment, since gastric cancers with strong or moderate overexpression of HER2 protein plus gene amplification are associated with the efficacy of trastuzumab, gene amplification does not necessarily surpass protein expression with regard to predicting the effect of targeted therapy with antibodies [5] . On the other hand, lapatinib [a dual anti-EGFR and anti-HER2 tyrosine kinase inhibitor (TKI)] did not improve the survival of patients with HER2-positive gastric cancer [27, 28] . For optimal targeted therapy, we might need to detect each optimal target to each drug using simple techniques whenever possible. Our results may help to identify candidates whose outcome could be improved by treatment with apposite antibody therapy.
Drug resistance in molecular targeted therapy has been identified as playing a role in the alternative activations of other RTKs. In MET-addicted gastric cancer, activation of HER family members was poorly responsive to MET inhibitor [29] . In HER2-overexpressing breast cancer, the insulin-like growth factor receptor, other human epidermal growth factor receptor family members (EGFR, HER3) and MET overexpression might be critical for treatmentacquired resistance to trastuzumab [30] [31] [32] . In lung cancer, drug resistance to EGFR-TKI was associated with MET amplification [33, 34] . Moreover, MET activation was shown to lead to resistance to lapatinib in HER2-amplified gastric cancer [35] . Tumors develop more aggressively resulting in additional proliferation, invasion, metastasis and drug resistance, and the activation of multiple RTK pathways might be an effective means of promoting the survival of cancer cells. Thus, multiple RTK-expressing tumors may give us some suggestions for future strategies involving targeted therapy for gastric cancer.
In this study, we demonstrated the clinicopathological features and prognostic values associated with the overexpression of four RTKs evaluated by experts in GAC. Regarding HER2 and EGFR, our results were similar to those of previous reports with regard to the clinicopathological features and prognosis of each RTK-overexpressing tumor [26, [36] [37] [38] [39] [40] [41] . However, contrary to previous reports, MET-overexpressing GACs tended to be associated with a rather favorable outcome in our study [25, 42, 43] . In addition, while we did not detect a correlation between FGFR2-overexpressing tumors and a specific histology, as previously reported, our FGFR2 IHC assay was able to identify aggressive tumors [44, 45] . Except for HER2, some of the differences between previous reports and our results were attributed to the lack of standardized IHC protocols (antibody and staining protocol) and evaluations. Differences in the sample size and candidates themselves were also major reasons. Regarding MET, both the membranous and cytoplasmic expressions of MET, and not the membranous expression only, have been suggested to be suitable predictors of outcome [43] . Not only cytoplasmic expression, but also the nuclear expression of FGFR2 has been previously investigated in breast cancer and lung cancer [46, 47] . In breast cancer, Martin et al. suggested that the nuclear localization of FGFR2 might have an effect on the prevention of malignant changes. In lung squamous cell carcinoma, whereas the cytoplasmic overexpression of FGFR2 was correlated with a better outcome, the nuclear overexpression was correlated with a poorer outcome. Behrens et al. suggested that the nuclear localization of FGFR2 from the cytoplasm might lead to aggressive cancer changes. We hypothesized that not only the cytoplasmic expression, but also the nuclear expression of FGFR2 in gastric cancer may have an important role in cancer malignancy. On the other hand, both the nuclear and cytoplasmic overexpression of FGFR2 can be described as features of ''FGFR2-enriched gastric cancer,'' but antibodies targeting FGFR2 do not seem to attack nuclear FGFR2. These findings suggest that tools for selecting candidates for antibody therapy may differ from those used to select specific tumors dominated by a specific oncogene.
Although we used TMAs to investigate RTK expression in this study, the percentage of IHC staining and the heterogeneity of each RTK expression might not have been evaluated accurately. TMA is a very useful tool for analyzing a large number of cases, but the results cannot escape the problems of sampling biases. One of the reasons for the discrepancy between TMA and whole tissue sections is thought to be the heterogeneity of IHC overexpression, and investigators have been recommended to obtain more than one core in each case [37] . We obtained two cores from different areas to evaluate the tissue heterogeneity, with one sample collected from the intramural area and one from the invasive front area. Previously, Aizawa reported the HER2-overexpression status using the same sets [48] . The kappa statistic was determined to quantify the accordance of the HER2 IHC determination (negative, score of 0 and 1? or positive, score of 2? and 3?) between Aizawa's and our evaluation. The kappa statistic for the HER2 determination was 0.923, indicating an excellent accordance. Although the IHC staining status is heterogeneous in gastric cancer, the TMA method can provide meaningful information when used in a large cohort.
In conclusion, our results showed that 63.1 % of GAC patients expressed at least one RTK when examined using an IHC assay and could be candidates for targeted therapies blocking these RTK pathways. On the other hand, 22.7 % of the GACs in these patients, one-third of at least one RTK overexpressing cases, exhibited the simultaneous expression of multiple RTKs. This phenomenon may influence the selection of targeted therapies to prevent the development of drug resistance or primary treatment failure. Our results may be useful for selecting the most suitable patients for each targeted therapy.
